[1] The minimum acceptable accuracy of the top of the atmosphere radiative flux of ÁF = 0.5 W/m 2 leads to the required accuracy in satellite based aerosol optical depth (AOD) retrieval of about Át = 0.015 over the land and Át = 0.010 over the ocean. None of the current operational satellite based instruments for AOD retrieval has been able to achieve this accuracy. The RMSE (Root Mean Square Error) of the AVHRR (Advanced Very High Resolution Radiometer) is typically between 0.06 and 0.15, while the RMSE of the MODIS (Moderate resolution Imaging Spectroradiometer) over the land has been estimated to be Át = 0.05 + 0.2t, which varies between Át = 0.07 and Át = 0.21 within the limit of usual aerosol optical depth between t = 0.1 and t = 0.8. The Department of Energy research satellite instrument, the Multispectral Thermal Imager (MTI), is capable of retrieving aerosol optical depth with an accuracy of Át = 0.03 using an off nadir view at medium scattering angles. Theoretical analysis suggests that the uncertainties in aerosol phase function (due to uncertainties in aerosol shape, size distribution and optical properties) are the major obstacles for accurate aerosol optical depth retrieval. These uncertainties lead to a much larger error in aerosol optical depth retrieval at large scattering angles (usually at close to nadir view) than at off nadir views at medium scattering angles. On the basis of our theoretical analysis and on MTI experience, we suggest that in order to achieve the required accuracy in AOD retrieval, future satellite instruments using a single or dual-view AOD retrieval algorithm should use off-nadir views at medium scattering angles (between 50°and 100°). 
Introduction
[2] The role of aerosols in climate and climate change is one of the largest uncertainties in our understanding of the present climate and in our abilities to predict future climate changes. Until the magnitude and the variability of anthropogenic aerosol radiative forcing are known, the predictions of future global warming may remain unacceptably high [Hobbs et al., 1997] . The aerosols' direct effect involves their interaction with solar and terrestrial radiation [Chylek and Coakley, 1974; Coakley and Cess, 1985; Charlson et al., 1992; Kiehl and Briegleb, 1993; Chylek and Wong, 1995; Russell et al., 1999; Sateesh and Ramanathan, 2000] .
The indirect effects include modification of the optical properties [Twomey, 1991; Chylek et al., 1996] and life cycle of clouds [Ramanathan et al., 2001; Rotstayn and Lohmann, 2002] . Though the mechanism of aerosol direct effect is theoretically well understood, an assessment of its magnitude is more difficult due to spatial and temporal aerosol variability.
[3] Remote sensing is the only means capable of providing global observational aerosol data that are needed for assessing aerosol induced radiative forcing at the top of the atmosphere (TOA). The aerosol optical depth (AOD) is the most important parameter needed for calculation of the aerosol TOA radiative forcing. The accuracy of the AOD retrieval using the Advanced Very High Resolution Radiometer (AVHRR) is between 0.05 and 0.15 in AOD [Coakley et al., 2002] . The Moderate resolution Imaging Spectroradiometer (MODIS), provides the AOD (denoted by t) with an estimated accuracy [Remer et al., 2002; Kaufman et al., 1997] of ±(0.05 + 0.2t) over the land (the error varies between 0.07 and 0.21 with the AOD varying between 0.1 and 0.8), and ±(0.05 + 0.05t) over the ocean [Remer et al., 2002] .
[4] In this paper we present a theoretical study that suggests that uncertainty in aerosol optical properties, size distribution and particle shape leads to large errors when large scattering angles (usually near to a nadir view) are used for AOD retrieval. The errors are significantly smaller at medium scattering angles (usually at off nadir views). Comparison of the AOD retrieval using large and medium scattering angles with the Aerosol Robotic Network (AERONET) data suggests that the accuracy of the AOD retrieval is significantly improved by using medium scattering angles (off-nadir views). The accuracy of the AOD retrieval is expected to improve further by using satellite instruments capable of multiangle views of the target [Flowerdew and Haigh, 1996; Veefkind et al., 1999; North, 2002; Henderson and Chylek, 2003 ].
What Accuracy of the AOD is Needed?
[5] To establish an appropriate standard of AOD accuracy for climate studies, we consider first the top of the atmosphere (TOA) radiative forcing due to carbon dioxide increase from preindustrial to the current level. According to the recent ICPP report [World Meteorological Organization, 2001 ] the carbon dioxide induced globally averaged TOA radiative forcing is estimated to be around 1.4 W/m 2 . It seems reasonable that the accuracy of the aerosol TOA radiative forcing should be substantially lower than the forcing due to CO 2 increase between the preindustrial and the current concentration. We adopt the aerosol TOA radiative forcing uncertainty of ÁF = 0.5 W/m 2 as a desirable limit on the forcing error.
[6] The radiative TOA forcing due to an optically thin aerosol layer can be derived for the case of a single scattering approximation [Chylek and Wong, 1995] in a simple analytical form:
where F is the TOA radiative forcing in W/m 2 , S 0 is the incident solar flux at the top of the atmosphere, T À and T + are the downward and upward atmospheric transmissions (from the TOA to the surface and back to the TOA), N is an average cloudiness, t is an aerosol optical depth, a is the surface albedo, b is the fraction of the incident radiation scattered by an aerosol layer into the upward direction, and w is the aerosol single scattering albedo.
[7] The uncertainty in aerosol TOA radiative forcing, ÁF, due to the uncertainty in AOD, Át, is obtained as
To estimate the numerical value of the partial derivative of the radiative forcing These values compare reasonably well with 25 and 37 obtained by Hobbs et al. [1997] and 30 and 44 obtained by Penner et al. [1992] for the case of biomass burning aerosol.
[8] Adopting ÁF = 0.5 W/m 2 as an acceptable accuracy of the TOA radiative forcing, from equation (2) we obtain the required accuracy of the AOD as
for an aerosol layer over the land, and
for an aerosol layer over the ocean. The desired AOD retrieval accuracy, given by equation (3), suggest that a considerable improvement in the satellite AOD retrieval is needed before any reliable conclusions concerning anthropogenic aerosol influence on the TOA radiative forcing and global climate can be established.
Major Sources of Error in the AOD Retrieval
[9] The fundamental equation connecting the satellite measured radiance, L, and the result of the radiative transfer model calculations can be written in the form
where L is the satellite measured radiance and L M , L A , and L S stand for the radiance components produced by molecular, aerosol, and surface scattering, respectively. The sum L P = L M + L A is usually called the path radiance. All the radiances L, L M , L A , and L S are explicit functions of the wavelength, l, the solar zenith and azimuth angles, q 0 and f 0 , the viewing zenith and azimuth angles, q and f; they are also implicit functions of all environmental variables (molecular atmosphere, aerosols, clouds and surface properties).
[10] The top of the atmosphere radiance component due to molecular scattering, L M , can be calculated for a given geographical location from the surface pressure and temperature profile (measured or modeled) data.
[11] The TOA outgoing radiance due to aerosol scattering is generally obtained by solving the radiative transfer equation using an appropriate aerosol model. In the case of an optically thin aerosol layer (t ( 1) the single scattering approximation can be used to obtain the aerosol path radiance, L A , in an explicit form
where t, w, and p are the aerosol optical depth, single scattering albedo and the phase function, respectively.
[12] The TOA outgoing radiance due to surface reflection can be written in the form
where F 0 is the incident solar flux at the top of the atmosphere, T À is the transmission along the downward path toward the surface, T + is the transmission along the upward path from the surface to the satellite, r S is the surface reflectance, and R A is the atmosphere spherical albedo. For optically thin aerosol layers (t ( 1), the multiple reflections between the surface and aerosol layer can be neglected and the surface reflected radiance can be written in a simplified form
The aerosol signal used for the AOD retrieval is in the L A term. We rearrange the terms in equation (4) 
The terms on the left-hand side of equation (7) are obtained from the satellite level measured radiances and from the molecular atmosphere model calculations. The right-hand side of equation (7) is a function of aerosol layer and surface properties. The first term on the right-hand side containing the aerosol optical depth carries aerosol signal from which the AOD is estimated. Therefore it is desirable to minimize the contribution of the second term (surface reflectance term) on the right-hand side of equation (7) by selecting pixels with low surface reflectance. In practice, pixels with dark vegetation, which means a high NDVI (normalized difference vegetation index) and low near infrared (2.2 mm) reflectivity are chosen. Although the surface reflectance term, L S , is kept in our numerical calculation, for the purpose of our error analysis the L S term will be neglected to facilitate simple analytical solution.
[13] From equation (7), the AOD can be written as
where R* = (L À L M )/F 0 is the satellite observed reflectivity from which the reflectivity of purely molecular atmosphere has been subtracted. The largest uncertainty of the AOD retrieval arises from our lack of knowledge about the details of an aerosol layer. We do not know precisely the aerosol size distribution, particle shapes and orientation, and particle optical constants characterized by the real and imaginary parts of refractive index. All these environmental unknowns will affect the values of aerosol single scattering albedo and aerosol phase function. The error, Át, introduced into the AOD due to the uncertainties Áw and Áp is obtained from equation (8) in the form
The relative error in the single scattering albedo, Áw/w is usually small (Áw/w ( 1) and it does not depend on the sun and satellite viewing geometry. On the other hand, the relative error in the aerosol phase function, Áp/p, can be quite large. The magnitude of Áp/p will also depend on the scattering angle corresponding to a particular sun and satellite position.
[14] In general, we can write
where the effective radius, r eff , and effective variance, V eff , specify the aerosol size distribution, m r and m i stand for the real and imaginary parts of the refractive index, and the shape factor, sh, designates the shape and the orientation of aerosol particles. The aerosol phase function, p(l, q o , f o ; q, f), is of course also a function of the wavelength and solar and viewing zenith and azimuth angles.
[15] For a particular satellite-based AOD retrieval, the aerosol phase function cannot be calculated exactly, since the aerosol microphysical properties (size distribution, refractive indices, shape and orientation) are generally unknown. Although the use of suitable aerosol models aims at minimizing the error due to unknown aerosol properties, the aerosol phase function remains a major source of error in the AOD retrievals.
Aerosol Phase Function
[16] The aerosol phase function depends on the aerosol size distribution (effective radius and effective variance), the aerosol material (real and imaginary pars of refractive index) and the shape and orientation of the aerosol particles . Figure 1 shows the aerosol phase function for spherical aerosol particles as a function of the scattering angle for various values of the imaginary part of refractive index (Figure 1a ), real part of refractive index (Figure 1b) , and for different size distributions characterized by varying effective radius (Figure 1c) . The phase function is normalized as 1 2
where Â is the scattering angle .
[17] From Figure 1 , it is apparent that the variations of the phase function (terms containing @p/@r eff , @p/@m r , @p/@m i in equation (10)) are larger at large scattering angles. Relative variations of the phase function (normalized to one at a scattering angle of 90°) with the change in the imaginary part of refractive index (Figure 2a ), real part of refractive index ( Figure 2b ) and with respect to the effective radius of the size distribution (Figure 2c ) are shown in Figure 2 . It turns out that all aerosol uncertainty (size, real and imaginary part of refractive index) have a larger effect on the scattering phase function at large scattering angles between 100°and 180°than at moderate scattering angles between 50°and 100°. A similar dependence on the scattering angle has been found for the phase function as a function of the shape (Figure 3 ) of aerosol particles .
[18] The exact value of the ratio of the error in AOD of the close to nadir and off nadir view depends on a particular aerosol involved. However, in general the errors due to unknown aerosol parameters are smaller at medium scattering angles (50°< Â < 100°) than at large scattering angles (100°< Â < 180°). Consequently, the AOD retrieval at moderate scattering angles (off nadir look) will be more accurate than at large scattering angles (usually close to nadir look). Similarly, the two viewing angle algorithm that uses a close to nadir view will introduce a signal with a large noise that will partially negate the advantage of a double view retrieval. On the other hand, a dual-angle view algorithm using two off nadir views, at scattering angles between 50°a nd 100°, should provide the most accurate AOD retrieval.
The MTI (Multispectral Thermal Imager) Data Set
[19] To provide experimental support for the above analysis, we analyze pairs of dual-view MTI images. The MTI is a DOE push broom multispectral satellite instrument [Weber et al., 1999] with 15 spectral bands (Table 1 ) from visible to thermal infrared wavelengths. It was launched in March 2000 into a Sun-synchronous orbit at approximately 575 km altitude.
[20] The MTI pixel size is 5 m Â 5 m in the visible and 20 m Â 20 m in the infrared region; its swath width is around 12 km. The MTI has a dual view capability; the reflected solar radiances are measured close to nadir and Figure 3 . Aerosol phase function is affected by the shape of aerosol particles considerably more at large scattering angles than at medium angles. (a) and (b) Phase functions at 443 and 865 nm wavelengths for polydisperse spheres and shape mixtures of projected-area-equivalent randomly oriented prolate and oblate spheroids. The refractive indices are 1.53 + 0.0085i and 1.53 + 0.0012i, respectively. The size distribution is log normal with an effective radius of 1.163 mm [Mishchenko and Travis, 1997] . (c) Experimental phase function for randomly oriented quartz aerosols with an effective radius of 2.3 micrometers at a wavelength of 442 nm and the Lorenz-Mie phase function for projected-areaequivalent quartz spheres . then back along the track at a viewing angle around 60°. Two colocated images are generally taken within 2 min from each other. The change of the solar zenith angle is usually within 1 degree between the first and the second image.
[21] The MTI's small pixel size eliminates most errors in retrieval due to unresolved subpixel cloudiness. In addition to clear sky images, partially cloudy scenes can be used for retrieval as long as clouds or cloud shadows do not affect a considerable fraction of an image.
[22] The imagery used in our study was acquired over NASA Stennis Space Center (30°22 0 N, 89°37 0 W, about 20 m above mean sea level) between July 2000 and December 2001. The images were first screened for clouds to select clear and partially cloudy scenes suitable for analysis. We have used all available pairs of clear sky images and images with cloudiness lower than 15%. Altogether we have 28 images (14 pairs of near nadir and off nadir views) suitable for aerosol optical depth retrieval. The retrieved AOD is compared with AERONET AOD data acquired near the time of MTI overpass.
MTI Single-View and Double-View Retrieval
[23] Our single view retrieval is based on the algorithm of Kaufman et al. [1997] with appropriate modification for use with the MTI available bands. The first step of the retrieval is to find dark pixels. Within the given image the algorithm selects pixels with high values of the normalized vegetation index and with low reflectivity in the 2.2 mm (MTI ''O'' band) channel. Next, using the satellite level observed radiances, we estimate the surface reflectance in the MTI O band, where the aerosol effect is considerably smaller than at visible wavelength (due to an approximate inverse wavelength dependence of the aerosol scattering cross sections). Then, using the correlation between the vegetation ground reflectance [Kaufman et al., 1997] at infrared (2.2 mm) and visible wavelengths, the ground reflectance at visible wavelengths is estimated. Finally from the measured radiances and the estimated ground reflectance at visible wavelengths, the aerosol optical thickness at 550 nm is deduced using the 6s radiative transfer code for a given set of environmental variables and sun/ satellite geometry.
[24] Our double-view AOD retrieval algorithm is based on equation (4) with a simplified surface reflection term given by equation (6b) in which the multiple reflections between the aerosol layer and the surface are neglected. Dividing equation (4) by incoming solar flux, we can write
where the subscripts 1 and 2 refer to the two viewing angles, R is an apparent reflectivity as observed by the satellite, R M and R A are reflectivity due to the molecular atmosphere and aerosol layer, and r S is the surface reflectivity.
[25] Making an additional assumption that the ratio, k, of the surface reflectivities at the considered two viewing angles is a constant for a given Sun and viewing geometry and for the used wavelengths in the visible and near IR (2.2 mm)
we can eliminate the unknown reflectivities r 1S and r 2S from equation (12) to obtain
The same final equation was derived from a slightly different set of assumptions by Veefkind et al. [1998] .
[26] The molecular and aerosol scattering cross sections decrease with the wavelength approximately as l À4 and l
À1
, respectively. Consequently, the molecular and aerosol scattering terms, R M and R A , can be neglected for MTI's O band, centered at 2.2 mm, and the constant k can be obtained as the ratio of band O reflectances at the two viewing angles. Since the ratio k depends on the sun and viewing geometry, the determination of k has to be done separately for each considered image. In our set of images, k varied between 0.8 and 1.2.
[27] Next, equation (14) was solved numerically (for a short wavelength red band), by calculating each side for a set of AODs until the agreement between the left-hand side and right-hand side was achieved. We have selected 50 dark vegetation pixels in each image for which we have retrieved the AOD. The results were averaged to determine the AOD for a particular image pair.
Results
[28] To evaluate the accuracy of the single-view and double-view aerosol optical depth retrievals, we need to compare the satellite derived optical thickness with other AOD measurements of known quality that are taken at the same location within a short time of the satellite image. For that reason we have chosen the NASA Stennis Space Center site where the AERONET (Aerosol Robotic Network) Sun photometer [Holben et al., 1998 ] provides almost simultaneous high accuracy measurements of AOD. The AERONET level 2 and 1.5 data are expected to have an accuracy of about 10%. Images with time differences of more than two hours were not considered suitable for the validation (most of the images are taken within 20 min from the available AERONET AOD measurements).
[29] The results of our AOD retrieval are shown in Figure 4 . The single view close to nadir algorithm leads to a considerable error of the AOD retrieval. The RMSE (root mean square error) defined as
(where b and s stand for the mean and the standard deviation of the difference between the retrieved and AERONET AOD) is 0.11 in units of AOD. The dual-view algorithm improves the accuracy of the AOD retrieval by about a factor of two; the RMSE of the dual-view algorithm is 0.06 in AOD units. However, the best accuracy is achieved by using the single-view algorithm at off nadir view at moderate scattering angles. The RMSE error of the single off nadir view is 0.03 in aerosol optical depth (Figure 4 ).
Conclusion and Discussion
[30] We suggest that the maximum error in aerosol optical depth that will still let us make a meaningful statement concerning the aerosol climate effect is around Át = 0.015 over the land and Át = 0.010 over the ocean. This error in AOD produces a top of the atmosphere radiative forcing error of about 0.5 W/m 2 (for comparison the increase of carbon dioxide from the preindustrial to the current level produces a TOA radiative forcing of around 1.4 W/m 2 ).
[31] It seems that neither the AVHRR nor the MODIS instrument is able to achieve this accuracy (an improvement of accuracy by a factor of four to six would be needed). Our analytical treatment suggests that the major disadvantage of the current instruments is that they use a close to nadir view for AOD retrieval. A considerable improvement of the AOD retrieval (by about a factor of two to three) should be possible using a single off nadir view (scattering at moderate scattering angles, preferably in the range of 50°to 100°).
An additional improvement can be expected using a doubleview retrieval algorithm that utilizes two off nadir (medium scattering angles) views and incorporating polarization measurements [Mishchenko and Travis, 1997; Chowdhary et al., 2001] .
[32] Our analysis of the DOE MTI pairs of double-view images suggests that the use of the off nadir view can significantly improve the accuracy of the AOD retrieval (from 0.11 to 0.03 in AOD for a set of analyzed images). The current MISR (Multiangle Imaging Spectroradiometer) instrument [Diner et al., 2001; Martonchik et al., 2002] might be able to approach the proposed accuracy (equations (3) with a dual-view algorithm using two off nadir views with scattering angles between 50°and 100°( since the MISR does not have an appropriate near infrared band corresponding to the MTI O band, a different dualview algorithm has to be developed). To improve the accuracy of future AOD retrievals, the next generation of operational satellite instruments should utilize the off nadir viewing geometry (at medium scattering angles) for AOD retrieval. 
